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Abstract
We have investigate the 2011 Tohoku Tsunami records in the Seto Inland Sea (SIS) in western Japan using Hilbert-Huang
Transform. The SIS consists of many bays and basins such as Osaka bay and Hiuchi basin with their natural oscillation
characteristics. The resulting intrinsic mode functions obtained from ensemble empirical model decomposition revealed that the
tsunami propagated into the SIS interacts with natural oscillations of bays and is also affected by high tides in the SIS. During
high tides, the maximum tsunami heights and arrival times are enhanced and shortened significantly from those at low tides.
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1. Introduction
The tsunami on 11 March 2011 induced by the Tohoku Earthquake, Japan, brought an unprecedented and
unexpected level of damages. Since then, coastal defenses are required to be revised against possible very large
earthquakes, tsunamis and storm surges all over Japan. In the western part of Japan, the potential Tokai-Tonankai-
Nankai linked earthquake and consequential tsunami expected to occur along the Nankai Trough in the next 30 years
is a formidable coastal disaster to be considered.
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Fig. 1. Schematic diagram illustrating the potential tsunami-tide interaction in the Seto Inland Sea, Japan.
The Seto Inland Sea (SIS) is the largest channel-shaped enclosed coastal sea in the western part of Japan with a
size of about 23,000 km2, a length of about 500 km and an average depth of about 38 m (Fig. 1). It is connected to
the outer Pacific Ocean via the Kii Channel, the Bungo Channel and to the Korea Strait via the Kamon Strait. In
addition to its mild climate and beautiful scenery of sandy beaches, tidal flats, and historical heritage, it includes
more than 700 islands and a number of narrow waterways/straits (Seto in Japanese) connecting the basins (Nada in
Japanese) and bays. Thus, unlike the other coastal regions in Japan, the tide and tidal currents are high and very
strong and are important physical processes in the SIS coastal environment. Therefore, it is critical to take the impacts
of tide and tidal currents on extreme tsunami propagation in the SIS into account for coastal protection and disaster
prevention (Lee, 2014; Lee and Kaneko, 2014; Lee et al., 2010).
This study investigates the interactions between tides and tsunami during the 2011 Tohoku Tsunami based on the
tsunami records analysis using Hilbert-Huang Transform (HHT) in Japan, particularly in the Seto Inland Sea. The
HHT analysis results showed the non-linear interaction of tide and tsunami from the tsunami records with the
characteristic oscillation modes of each bay affected by the interactions. Such interactions of tsunami and tide were
also revealed in additional numerical experiments of tide and tsunami interactions.
2. Data and method
2.1. 2011 Tohoku Tsunami records
2011 Tohoku Tsunami records are available at tide gauges, wave buoys and GPS buoys deployed around Japan.
In this study, we used the tide gauge data with 15 sec interval in and around the SIS obtained from Japan
Meteorological Business Support Center. We use the tide gauge data at Osaka station located in the semi-enclosed
Osaka bay in the SIS (Lat.(N): 3439, Lon.(E): 13526).
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2.2. Hilbert-Huang Transform
Hilbert-Huang Transform (HHT) consists of two parts, empirical mode decomposition (EMD) and Hilbert
transform. EMD is empirical, intuitive, direct, and adaptive, and it does not require any predetermined parametric
functions for analyzing the trend or performing detrending (Huang et al., 1998; Lee, 2013; Lee et al., 2012) in contrast
to the general curve-fitting and filtering methods. Therefore, it is appropriate to find the intrinsic monotonic function
for trends and detrending from nonstationary and nonlinear datasets based on the data only.
Decomposition is based on the assumption that any data consist of simple intrinsic modes of oscillations. This
method is also based on the direct extraction of energy associated with various intrinsic time scales. Each of these
oscillatory modes is represented by an intrinsic mode function (IMF) and satisfies the following conditions: (1) the
number of local maxima and minima and the number of zero-crossings must be the same or differ by one at most for
the entire dataset, and (2) the mean value of the upper envelope defined by the local maxima and the lower envelope
defined by the local minima should be zero at any point. The IMF can have a variable amplitude and frequency as a
function of time, whereas the simple harmonic function has a constant amplitude and frequency. IMFs with periods
that are too long relative to the data length to be distinguished by spectral analysis methods can still be identified
and decomposed using EMD.
Fig. 2. The IMFs from EEMD of Osaka tide gauge data for the periods of (a) January 1 to January 20 in 2011 and (b) March 1 to March 20 in
2011. Note that 2011 Tohoku Earthquake occurred at 14:46 JST (local time) on March 11, 2011.
 
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The EMD decomposes an arbitrary dataset x(t) in terms of IMFs, Cj(t), and a residual, Rn(t), through a “sifting
process”, where j = 1, 2, 3,…, n. Therefore, the original data x(t) can be reconstructed by adding all of the modes
and the residual, x(t) = C1(t) + C2(t) + C3(t) + … + Rn(t). Rn(t) can be a constant or a monotonic function from which
no other oscillatory IMFs can be extracted. In the case of sea-level records, Rn(t) is the trend of the SLR.
Ensemble EMD (EEMD) is the improved method for obtaining IMFs with direct physical meaning and
uniqueness (Wu and Huang, 2009). EEMD defines the true IMF components as the mean of an ensemble of trials,
which consist of a time series plus white noise of finite amplitude. This method dramatically improves the mod-
mixing problem because of the subjective selection of scale in the scale separation. EEMD was applied in this study
to analyze the sea-level records. EEMD was tested with respect to the optimum number of ensembles in the EEMD
analyses. The result showed that an ensemble number greater than 20 yields a robust result in terms of the statistical
significance of the resulting IMFs. Therefore, the number of ensembles was set to 30 for all analyses. The standard
deviation of Gaussian white noise added was set to 0.2.
After obtaining the IMFs, the instantaneous frequency as the derivative of the phase function and the instantaneous
amplitude of the Hilbert transform can be computed for each IMF. Finally, the original data set x(t) can be expressed
as the real part, Re, of the sum of the data in terms of time, frequency, and energy as:
         (1)
where a(t) and ω(t) are the instantaneous amplitude and frequency functions for each component, respectively.
Using Eq. (1), it is possible to represent the local instantaneous amplitude and instantaneous frequency as a function
of time in three dimensions. This frequency-time-amplitude (or energy) distribution is designated as the Hilbert
spectrum, H(ω,t).
3. Results
3.1. Intrinsic mode functions of tsunami records
Here, we present the resulting IMFs from EEMD analysis for Osaka tide gauge data in Fig. 2. To investigate the
effects of tides and natural oscillation on tsunami, we compared two periods (a) January 1 to January 20 in 2011 and
(b) March 1 to March 20 in 2011. In the first period, there is no distinct event, while the second period includes the
2011 Tohoku Earthquake tsunami. The 2011 Tohoku Earthquake occurred at 14:46 JST on March 11 in 2011. In the
IMFs of the first period (column (a)), natural oscillation modes are clearly seen as IMF5, 6, and 7 with corresponding
mean period of 12.84 min, 40 min, and 81.6 min. However, the mean periods of natural oscillation modes in the
column (b) are 13.4 min, 36 min, and 82.05 min. If we look at the earthquake periods more closely, then the mean
periods shows much significant changes.
Figure 3 exhibits the selected IMFs 5, 6, and 7 for natural oscillations and IMFs 9 and 10 for semi-diurnal and
diurnal tides for the second period. More over the Fourier spectrum and marginal spectrum are also presented.
Because the effective tsunami periods are similar with the natural oscillation modes, tsunami signals are embedded
in IMFs 5, 6, and 7.
3.2. Hilbert spectrum
Figure 4 illustrates the Hilbert spectrum for the first and second periods. Overall, the spectral densities are
analogous with high energies due to semi-diurnal and diurnal tides. However, in the second period, the high energies
are found around 20 cpd after March 11. Therefore, it is clearly noted that the natural oscillations and tides are
affected by tsunami with the evidences in their mean periods.
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Fig. 3. (a) selected IMFs and (b) the Fourier spectrum and marginal spectrum of Osaka tide gauge data for March 1 to March 20 in 2011.
Fig. 4. Hilbert spectrum for (a) January 1 to January 20 in 2011 and (b) March 1 to March 20 in 2011. Note that 2011 Tohoku Earthquake
occurred at 14:46 JST (local time) on March 11, 2011.
4. Conclusions
In this study, we investigate the interactions between tsunami and tides, and between tsunami and natural
oscillations in the Seto Inland Sea in western Japan. By using the Hilbert-Huang Transform with 15 sec tide gauge
data and numerical experiments, we found that the tsunamis interact with natural oscillations of bays and basins in
the SIS, resulting in the changed mean periods of natural oscillations, and tides affect the tsunami propagations in
the SIS. In particular, high tides in Suo basin enhance computed maximum tsunami heights and shorten the tsunami
arrival times significantly. Therefore, it is recommended to consider the tsunami-tide and tsunami-natural oscillation
interactions in tsunami mitigation measures to reduce uncertainty embedded in tsunami numerical modeling.
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